Kidney cortex microsomes enriched in Golgi markers and probably also containing endosomes were isolated by cell fractionation and found to contain a proton-translocating ATPase Ojiat was inhibited by N-ethylmaleimide (NEM).
min-' was completely inhibited by NEM. Addition of asolectin and removal of the detergent by dialysis resulted in reconstitution of NEM-sensitive electrogenic proton transport. This vacuolar ATPase is composed of five polypeptides with apparent molecular masses of 68, 58, 40, 37, and 16 kDa.
Intracellular organelles, such as plant vacuoles, lysosomes, clathrin-coated vesicles, endosomes, and Golgi, are acidified by a proton-translocating ATPase (1, 2) . This "vacuolar" ATPase is electrogenic and does not exchange protons for other ions. A similar ATPase has also been found in the plasma membrane of some epithelial cells of the kidney where it mediates transepithelial proton transport (3) (4) (5) . Proton-translocating ATPases exist in many forms. The mitochondrial Fj-Fo ATPase is also electrogenic but, unlike the vacuolar pump, it is inhibited by oligomycin and efrapeptin but not by N-ethylmaleimide (NEM). This enzyme is composed of two sectors, a cytoplasmic catalytic sector and a transmembrane conductive portion, each of which has several subunits (6) . The plasma membrane ofyeast and fungi (7) , and of gastric parietal cells, contains a proton-translocating ATPase, a protein with a molecular mass of 100 kDa which is a member of the gene family that includes the Na',K+-ATPase and Ca2+-ATPase (7) . These enzymes are catalytically phosphorylated on an aspartyl residue and are inhibited by vanadate.
The vacuolar ATPase has been purified from chromaffin granules (8, 9) , clathrin-coated vesicles (10) , kidney medulla plasma membranes (11) , and plant vacuoles (12) . These proteins are composed of several subunits, but all seem to share peptides of70, 58, and 17 kDa. The best evidence is that the 70-kDa protein binds ATP, implying that it is a component of the catalytic domain (13) , whereas the 17-kDa peptide binds dicyclohexylcarbodiimide, an inhibitor of the mitochondrial proton channel, suggesting that the 17-kDa subunit might be an analogue of the mitochondrial proteolipid. This subunit has also been purified (14) (15) . Assays for Golgi and lysosomal markers were performed in 2% (vol/vol) Triton X-100; all other assays were performed in the absence of detergents.
Measurement of Proton Transport. Proton transport was measured by the trapping of the weak base acridine orange in response to ATP. The emission spectrum of acridine orange is dependent on the concentration; at low concentration the dye emits in the green; when the vesicle interior becomes acid, acridine orange accumulates and its emission peak shifts to the red. Hence, acidification of the vesicle interior can be followed by measuring the uptake of acridine orange from the bulk medium fluorometrically. Because the rate of diffusion of the free base is fast with respect to the proton pump rate, the fluorometric signal is a reasonable estimate of the rate of transport. Using 1.5 ml of transport buffer containing 6 8.5 ) and poured into a 26-mm x 100-cm column. The column was then washed and equilibrated with a solution of 0.05 M Tris (pH 8.5), 1 mM dithiothreitol, and 0.1% n-octyl glucoside at a rate of 1.6 ml/ min by using a Pharmacia FPLC apparatus. The column was eluted retrograde. A linear gradient of 0-500 mM KCI was loaded into the initial 25% of the column volume and the solubilized preparation (now as a 0.5 M KCI solution) was injected. Material was then eluted in a solution of 0.5 M KCI, 0.05 M Tris (pH 8.5), 0.1% n-octyl glucoside, and 1 mM dithiothreitol. Fractions were collected and assayed for total ATPase and for NEM-sensitive ATPase activity.
QAE-Sephadex Sievorptive Chromatography. The active fractions, usually 60-100 ml, from the DEAE-Sephadex step were collected and concentrated in an Amicon ultrafiltration apparatus to 10-15 ml. This was concentrated further by using a vacuum-assisted collodion bag filter that dialyzed the material against a solution of 0.05 M Tris (pH 8.5), 1 mM dithiothreitol, and 0.1% n-octyl glucoside. The resultant volume was <2 ml and its salt concentration was brought to 200 mM KCI. The QAE-Sephadex was prepared identically to the DEAE-Sephadex A-25 and poured into a 16-mm x 70-cm column. A linear gradient of 0-200 mM KCI was loaded into the first 25% of the column and the sample was then injected. Material was then eluted retrograde with a solution of 200 mM KCl, 0.05 M Tris (pH 8.5), 1 mM dithiothreitol, and 0.1% n-octyl glucoside at a rate of 0.7 ml/min.
Hydroxyapatite HPLC. The active fractions from the QAESephadex step were collected and concentrated in a collodion bag dialyzed against a solution of 10 mM potassium (or sodium) phosphate (pH 8.5), 0.01 mM CaCl2, 1 mM dithiothreitol, and 0.1% n-octyl glucoside (low phosphate medium).
The volume was reduced to 1-1.5 ml. The column (Bio-Gel HPHT, 100 x 7.8 mm; Bio-Rad) was washed with the low-phosphate medium by using a Waters HPLC system at a flow rate of 1 ml/min. The sample was then injected and material was eluted initially with 6 ml of the low phosphate medium followed by a linear gradient of a 10-350 mM potassium phosphate. The high phosphate medium also contained 1 mM dithiothreitol and 0.1% n-octyl glucoside. The active fractions were then collected and concentrated by using an Amicon cell or precipitated with 3.5 vol of acetone at -20'C in preparation for gel electrophoresis by the Laemmli method (19) .
Measurement of ATPase Activity (20) . Samples were added to 1 ml of a buffer composed of 150 mM KCI, 10 mM Tris, and 10 mM Mes (pH 7.0); 6 mM MgCl2 ATP (brought to pH 7.0 by the addition of 3 M Tris) was added to a final concentration of 3 mM; and [y-32P]ATP at 1 tkCi/ml (1 Ci = 37 GBq) was then added to this medium. The reaction was started by adding the sample and the mixture was incubated at 250C for 15 min. The reaction was stopped by the addition of 1 ml of 10% (wt/vol) trichloroacetic acid. To separate 32p from [32P]ATP, we chromatographed the sample on 20-cm X 20-cm thin layer plates of 0.1-mm cellulose impregnated with MN300 polyethyleneimine (Brinkmann). Samples (5 ttl) were spotted on the plates and chromatographed in methanol. The plate was air-dried, and the spots were visualized in a UV light box. The Pi spots and ATP spots were separately excised and radioactivity was measured in a liquid scintillation counter. Protein was measured by the Lowry method (21) .
Reconstitution of the Proton-Translocating ATPase. The purified proteins eluted from the hydroxyapatite column were concentrated to 1 ml by using ultrafiltration and a PM10 filter. The filter was soaked in fibrinogen at 10 mg/ml for 30 min before use. Asolectin (10 mg) in an ether (or chloroform) solution was dried under vacuum, dissolved in 50 ,1 of 10% (wt/vol) n-octyl glucoside, and mixed by constant swirling with the 1 ml of the purified concentrate. The final detergent concentration was at least 0.6%. The material was then placed in a dialysis bag, which had already been soaked in the dialysis medium and dialyzed against a solution of 130 mM KCI, 10 mM imidazole, 1 mM dithiothreitol, and 6 mM MgCI2 (pH 7.0) overnight or longer. An aliquot of this material was then used for proton-transport assays.
RESULTS
When ATP was added to the membrane vesicles, we were able to demonstrate acidification of their interior by using the acridine orange uptake method (Fig. 1A) . This acidification was inhibited by NEM (Fig. 1A) , but not by oligomycin or vanadate (data not shown); these are the "defining" characteristics of the vacuolar proton-translocating ATPase (1, 2). Addition of nigericin, the K/H exchanger, rapidly collapsed the pH gradient. The rapidity of the effect indicated that the transport of the weak base acridine orange is not rate limiting to transport. Hence, this method can be used as an index of proton transport in these vesicles.
We measured a number of marker enzymes in these vesicles and found that this preparation was depleted in the enzyme markers specific for mitochondria (oligomycinsensitive ATPase), lysosomes (N-acetylglucosaminidase), and endoplasmic reticulum (glucose-6-phosphatase) ( Table  1) . They were enriched in a marker for terminal Golgi cisternae, galactosyltransferase, by a factor of 5.6. The specific activity of the basolateral plasma membrane marker, Na+,K+-ATPase was slightly enhanced by a factor of 2.8. Separation of this preparation on sucrose density gradients showed that these vesicles were light in density, but analysis of gradient fractions did not show a further enhancement of the specific activity of galactosyltransferase or an increase in the NEM-sensitive proton transport. While there is no enzyme marker characteristic of endosomes, it is possible (or even likely) that these fractions are also enriched in these organelles. We used NEM-sensitive ATPase activity to follow the activity of the proton-translocating ATPase. A number of detergents were used to solubilize the enzyme; the most successful were deoxycholate and n-octyl glucoside. The NEM-sensitive ATPase activity in the native vesicles was low and quite variable, being of the order of 1 nmol per mg of protein per min. Only -5% of the total ATPase activity was NEM-sensitive, but as much as 50% of the ATPase activity of this fraction was inhibited by vanadate. We do not know the origin of the vanadate-sensitive and the residual ATPase activities in these membranes. Solubilization of the vesicles followed by centrifugation resulted in a large enhancement in the NEM-sensitive ATPase activity in the supernatant.
Ion-exchange chromatography of the solubilized fraction resulted in massive losses of activity. We, therefore, decided to use sievorptive chromatography (17, 18) . Although in this method the protein is exposed to an ion-exchange resin, it is not allowed to bind to it very tightly. The column is loaded initially with a salt gradient and the protein is added in a salt solution whose concentration is the same as that of the high salt medium. Hence, the protein will not bind tightly to the column preventing the denaturing effect of cooperative binding in low salt medium. As the elution progresses, the protein will travel faster than the salt gradient but it will be retarded on the column as it reaches regions of lower salt concentration. Hence, this column provides for sieving with some mild interaction with the resin. We used two anionexchange resins in the sievorptive mode, DEAE-Sephadex and QAE-Sephadex, which gave us at least a 100-fold purification (Table 2 and Fig. 2 Top and Middle). The activity came out near the void volume, consistent with the large molecular mass of other vacuolar ATPases that have been purified (10, 11) . In the DEAE-Sephadex column, we occasionally measured some additional NEM-sensitive activity that eluted much later than the peak of activity ( Fig. 2 Top) ; however, these small amounts of activity were not reproducible nor did they amount to a large fraction ofthe total activity eluted from the column. The final purification was achieved, after many trials, by using a hydroxyapatite HPLC column. The activity also eluted near the void volume (Table 2 and Fig. 2 Bottom). The final purification was 4400-fold over the vesicle fraction, giving a specific activity of 4.4 tmol mg-1 min1; Table 2 shows the average of four preparations. In the purified fraction the total ATPase activity was completely inhibited by NEM.
When the purified enzyme was precipitated with acetone and the peptides were displayed on NaDodSO4/polyacrylamide gels we found, by silver staining, five polypeptides (Fig. 3) . The peptide with the highest apparent molecular mass was 68 kDa. The other proteins had molecular masses of 58, 40, 37, and 16 kDa. There were other bands seen especially around the 68-and 58-kDa proteins (Fig. 3) . Because they were not consistently seen, it is likely that they were minor contaminants or degradation products.
Reconstitution of proton transport was achieved by addition of asolectin dissolved in n-octyl glucoside followed by dialysis against transport buffer. Proton transport was observed after overnight dialysis; however, its rate and extent were highest after a 48-hr dialysis. Transport activity was enriched by a factor of =1000 compared to the vesicle fraction (Fig. 1B) . Proton transport was inhibited by NEM (Fig. 1B) , but not by oligomycin and vanadate (data not shown). No proton transport was seen when the reconstituted vesicles were assayed in the absence ofthe electrogenic K ionophore valinomycin (Fig. 1B) , suggesting that the ATPase generated a large membrane potential sufficient to prevent the ATPase from developing a large pH difference. Addition of valinomycin restored its ability to generate a pH gradient (Fig. 1B) .
DISCUSSION
There is good evidence that Golgi membranes contain a proton-translocating ATPase (15, 22) . Isolated membranes from liver, enriched in the terminal Golgi marker galactosyltransferase by a factor of >100, contained an ATP-dependent proton transport activity (15) . By using immunocytochemical methods for the detection of acidic intracellular compartments, Anderson and Pathak (23) found the terminal cisternae of the Golgi of fibroblasts to be acidic. Whether the other cisternae contain the ATPase remains to be established.
Although the membranes we prepared were not as enriched as the liver membranes, they contain Golgi elements as well as other intracellular membranes, probably endosomes and basolateral plasma membranes. Although the total activity of 
